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ABSTRACT 

payload bay of a r e u s a b l e  e a r t h  t o  
e a r t h  o r b i t  s h u t t l e  capable-of  de1i;ering 5 0 K  t o  l o w  e a r t h  o r b i t  
cou ld  accommodate large d ry  launched p r o p u l s i o n  s t a g e s  t h a t  are 
s u i t a b l e  f o r  l u n a r  and synchronous o r b i t  s h u t t l e  o p e r a t i o n s ,  
and p l a n e t a r y  s p a c e c r a f t  i n j e c t i o n .  Here in ,  v a r i o u s  concep tua l  
s t a g e  d e s i g n s  employing cryogenic ,  space  s t o r a b l e ,  and n u c l e a r  
p r o p u l s i o n  systems are examined, and performance of  t h e  stages 
e v a l u a t e d  f o r  a r e p r e s e n t a t i v e  se t  o f  mis s ions .  I t  i s  pre-  
sumed t h a t  t h e  s t a g e s  are f u e l e d  i n  o r b i t  by succeeding  space  
s h u t t l e  f l i g h t s  and i n  some c a s e s ,  p a r t i a l l y  assembled i n  o r b i t .  

R e s u l t s  of t h i s  s tudy  s u g g e s t  t h a t  i f  ava i lab le  e a r t h  
t o  e a r t h  o r b i t  s h u t t l e  payload c o n t a i n e r  dimensions are on t h e  
o r d e r  of 60  f t  l e n g t h  by 2 2  f t  d i ame te r  (or as s m a l l  as 15  f t  
d i ame te r  f o r  p a r t i a l l y  assembled s tages)  s h u t t l e  launched s t a g e s  
would be capab le  of  performing t h e  spectrum of miss ions  c o n s i d e r e d  
i n  t h e  I n t e g r a t e d  Space F l i g h t  Program.* Th i s  c a p a b i l i t y  might  
e n a b l e  t h e  I n t e g r a t e d  Program P lan  t o  be achieved  wi thou t  use  o f  
S a t u r n  V d e r i v a t i v e  launch vehicles.  

A new series s t a g i n g  mode u s i n g  c ryogenic  s t a g e s  con- 
s i d e r e d  i n  t h i s  s tudy  appears  a t t r ac t ive  i n  a s s o c i a t i o n  w i t h  
d i r ec t  d e l i v e r y  of large payloads t o  t h e  l u n a r  s u r f a c e .  These 
stages would be compe t i t i ve  with n u c l e a r  s t a g e s  f o r  p l a n e t a r y  
mis s ion  a p p l i c a t i o n s  as w e l l .  

*An I n t e g r a t e d  Program o f  Space U t i l i z a t i o n  and Explora-  

(NASA-CR-109058) CONCEPTUAL C E S I G N  AND N79-72196 
PERFORHANCE OF LARGE P R O P U L S I O N  STAGES D R Y  
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I n t r o d u c t i o n  

Reusable e a r t h  t o  e a r t h  o r b i t  s h u t t l e s  capable  of 
d e l i v e r i n g  up t o  5 0 K  d i s c r e t i o n a r y  payload t o  e a r t h  o r b i t  a r e  
be ing  considered (Reference 1). These  s h u t t l e s  could suppor t  
i n t e g r a t e d  e a r t h  o r b i t ,  l u n a r  and p l a n e t a r y  programs by d e l i v e r -  
i n g  c r e w  and a s s o r t e d  payloads i n c l u d i n g  mission hardware, 
p ropu l s ion  s t a g e s ,  and p r o p e l l a n t  t o  o r b i t  where f i n a l  hardware 
assembly or  p r o p e l l a n t  t r a n s f e r  would occur (Reference 2 ) .  I f  
a l l  mission hardware could be launched i n  segments s i z e d  t o  space 
s h u t t l e  weight and volume envelopes,  ex tens ive  miss ions  could 
be performed wi thout  use of t h e  Sa tu rn  V d e r i v a t i v e s  f o r  e a r t h  
o r b i t  i n j e c t i o n  o p e r a t i o n s  (Reference 3) .. 

Large in-space propuls ion  s t a g e s  are r e q u i r e d  t o  provide  
t r a n s p o r t a t i o n  f o r  high e a r t h  o r b i t ,  c i s l u n a r  and p l a n e t a r y  
miss ions .  Cur ren t ly  a 300K, 33 f t  diameter  n u c l e a r  s t a g e  (Ref- 
e r e n c e  2 )  which g r e a t l y  exceeds t h e  e a r t h  t o  e a r t h  o r b i t  s h u t t l e  
weight  and volume c o n s t r a i n t s  i s  be ing  presumed t o  f u l f i l l  t h e s e  
requi rements .  I f  t h e  se t  of missions could be performed wi th  
smaller o r  segmented stages dry launched w i t h i n  t h e  e a r t h  t o  
e a r t h  o r b i t  s h u t t l e  Sa turn  V launch of in-space s t a g e s  could be 
e l imina ted .  

This  memorandum cons iders  s t a g e  c o n f i g u r a t i o n s  compa- 
t i b l e  w i t h  c u r r e n t  s h u t t l e  launch weight and maximum volume enve- 
lopes .  Designs are formulated f o r  c ryogenic ,  space  s t o r a b l e ,  and 
n u c l e a r  s t a g e s  and t h e i r  r e s p e c t i v e  performances are eva lua ted  f o r  
a r e p r e s e n t a t i v e  se t  of e a r t h  o r b i t ,  l u n a r  and p l a n e t a r y  miss ions .  
I t  i s  presumed t h a t  1) s t a g e s  are launched devoid of p r o p e l l a n t s  
and consumables, so  t h a t  on ly  s t a g e  dry weight has  t o  be main- 
t a i n e d  w i t h i n  a 50K s h u t t l e  payload l i m i t ;  and 2 )  t h e  s t a g e s  
are f u e l e d  by p r o p e l l a n t  d e l i v e r y  on succeeding s h u t t l e  f l i g h t s  
e i t h e r  from a " tank farm'' i n  a s s o c i a t i o n  wi th  a space s t a t i o n ,  o r  
d i r e c t l y  by t h e  s h u t t l e .  I t  is  f u r t h e r  assumed t h a t  assembly and 
checkout of l a r g e  s t r u c t u r e s  i n  o r b i t  ( remotely o r  wi th  man i n  
a t t endance )  w i l l  be  achievable  i n  t h e  p r o j e c t e d  t i m e  p e r i o d ,  and 
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t h a t  assembly of s t a g e s ,  where r e q u i r e d ,  could be f a c i l i t a t e d  
by temporary docking a i d s  ( i . e . ,  docking co l la rs ,  bumpers, and 
proximity s e n s i n g  dev ices )  which are j e t t i s o n e d  b e f o r e  s t a g e  
a c t i v a t i o n  so t h a t  no s i g n i f i c a n t  weight  p e n a l t y  would r e s u l t  
from s t a g e  assembly i n  o r b i t .  

Weight a n a l y s i s  o f  the  va r ious  s t a g e  concepts  and more 
d e t a i l e d  des ign  cons ide ra t ions  are inc luded  i n  an appendix. 

Space S h u t t l e  Payload Container S i z i n g  

The t r a d e o f f  b e t w e e n  space s h u t t l e  payload volume and 
g r o s s  weight  may s t r o n g l y  impact s h u t t l e  payload compartment volume 
s e l e c t i o n  and t h e r e f o r e  t w o  payload volume envelopes are consid-  
e r e d  (F igure  1). The l a r g e r  payload bay h a s  a 60 f t  l e n g t h  and 
i s  2 2  f t  i n  d iameter .  The volume i s  approximately equa l  t o  t h e  
S I V B  s t a g e ,  and i s  t h e  l a r g e s t  payload bay s e c t i o n  c u r r e n t l y  
proposed fo r  t h e  va r ious  s h u t t l e  concepts  (References 1 and 4 ) .  
Enclosed volume i s  approximately 23,000 f t 3  which corresponds 
t o  a minimum payload d e n s i t y  of 2 . 2  l b s / f t 3  f o r  f u l l  payload/ 
volume u t i l i z a t i o n .  The a l t e r n a t e  payload bay has  a 6 0  f t  leng th  
and 15 f t  d iameter ,  r e s u l t i n g  i n  a reduced v e h i c l e  gross  weight .  
This  volume i s ,  however, less d e s i r a b l e  f o r  p r e s e n t  purposes 
because of t h e  r e s t r i c t i o n s  on payload. The enc losed  volume i s  
10,600 f t 3  o r  4 . 7  l b t / f t 3  w i t h  f u l l  payload volume u t i l i z a t i o n .  
A 1 f t  c l ea rance  ( i . e . ,  reduct ion  i n  d iameter )  i s  presumed f o r  
a l l  s t a g e  des igns ,  hence use fu l  volume i s  reduced t o  21 ,000  f t 3  
and 9 , 0 0 0  f t 3  f o r  22  f t  and 15  f t  d i ame te r s ,  r e s p e c t i v e l y .  
able volume of t h e  smaller payload compartment would l i m i t  t r a n s -  
p o r t  of LH2 t o  about  4 0 , 0 0 0  l b s .  

Avai l -  

S t age  Design and Configurat ions 

22 f t  Cryogenic S tages  - Stage des igns  and weight  c h a r a c t e r i s t i c s  
are summarized i n  Table 1. L02/LH and LF /LH2 cryogenic  p r o p e l l a n t  2 2 
combinations a r e  cons idered  with mixture  ra t ios  of 6:l and 13:1, 
r e s p e c t i v e l y .  S p e c i f i c  impulse i s  es t ima ted  t o  be 460  sec i n  bo th  
cases. The 2 1  f t  d iameter  conf igu ra t ions  are s i z e d  i n  combination 
wi th  1) t w o  250K l b f  extended b e l l  engines  and 2 )  a s i n g l e  500K l b f  
ae rosp ike  engine (F igure  2 ) .  A f e a t u r e  of t h e  2 1  f t  d iameter  s t a g e  
i s  selection of a t o r o i d  p r o p e l l a n t  c o n t a i n e r  i n  l i e u  of t h e  more 
convent iona l  e l l i p t i c a l  tank des igns  because of t h e  improved pack- 
ag ing  e f f i c i e n c y ,  which r e s u l t s  i n  an inc reased  p r o p e l l a n t  weight  
of a lmost  2 0 % .  The aerospike  engine enab le s  p r o p e l l a n t  volume t o  
be inc reased  by 5% compared t o  t h e  extended b e l l  des ign ,  which i s  
n o t  deemed a s i g n i f i c a n t  advantage. Gross s t a g e  weight of  t h e  
L02/LH2 t o r o i d a l  tank/extended b e l l  s t a g e  des ign  i s  330K l b s  and 
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t h e  p r o p e l l a n t  f r a c t i o n ,  X ( r a t i o  of p r o p e l l a n t  weight  t o  g ross  
s t a g e  w e i g h t ) ,  i s  equa l  t o  .88. The s t a g e  i s  approximately 30% 
l a r g e r  than  t h e  S I V B .  

I t  i s  noted  t h a t  s i n c e  t h e  s t a g e  i s  launched devoid of  
p r o p e l l a n t s  launch loads  which nominally govern des ign  i n  un- 
p r e s s u r i z e d  s k i r t  areas are s u b s t a n t i a l l y  reduced ( i . e . ,  by an 
c r d e r  of magni tude) .  This enables  s i g n i f i c a n t  weight  s av ings  t o  
be achieved compared t o  more convent iona l  s t a g e s  launched wi th  
p r o p e l l a n t  and l a r g e  payloads.  

LF2/LH2 s t a g e s  a r e  shown i n  F igure  3. A s u b s t a n t i a l  

i n c r e a s e  i n  g ross  weight is achieved by comparison t o  s imi l a r  
L02/LH2 s t a g e  c o n f i g u r a t i o n s .  Gross s t a g e  weight  i s  539k l b s  
and 564k l b s  f o r  extended b e l l  and ae rosp ike  d e s i g n s ,  r e s p e c t i v e l y ,  
and X i s  . 9 2  i n  both cases .  
designed t o  t h e  same s e t  of volumetr ic  c o n s t r a i n t s  and equa l  
engine  t h r u s t  l e v e l s ,  d ry  s t a g e  weights  a r e  e s s e n t i a l l y  t h e  same 
i n  bo th  conf igu ra t ions .  The improved p r o p e l l a n t  f r a c t i o n  of t h e  
LF2/LH2 s t a g e  i s  s o l e l y  a r e s u l t  of t h e  i n c r e a s e d  p r o p e l l a n t  

d e n s i t y .  

Since LF2/LH2 and L02/LH2 s t a g e s  are 

22 f t  D i a m e t e r  Space S t o r a b l e  S tage  - FLOX/CH4 space  s t o r a b l e  
p r o p e l l a n t s  s t a g e s  (F igure  4 )  a f f o r d  a s u b s t a n t i a l  i n c r e a s e  i n  
p r o p e l l a n t  weight f o r  a f i x e d  volume s t a g e  by comparison t o  
cryogenics  due t o  t h e  r e l a t i v e l y  high p r o p e l l a n t  d e n s i t y .  Con- 
f i g u r a t i o n s  s imi la r  t o  t h e  cryogenic s t a g e  r e s u l t  i n  s t a g e  g r o s s  
weights  of 906k and 933k f o r  extended b e l l  and ae rosp ike  conf igura-  
t i o n s  r e s p e c t i v e l y .  I t  i s  poss ib l e  t o  s t o r e  FLOX/Methane i n  a 
common bulkhead tank f o r  extended d u r a t i o n s  because of t h e  c l o s e  
thermal  s t o r a g e  regimes of t h e  p r o p e l l a n t s  which i n c l u d e s  a s m a l l  
( ~ 1 0 ' F )  common l iqu idous  range. Add i t iona l  packaging e f f i c i e n c y  
a f f o r d e d  by u t i l i z a t i o n  of t h e  common bulkhead c o n f i g u r a t i o n  in -  
creases s t a g e  g ross  weight of t h e  extended b e l l  des ign  t o  964k 
l b s  o r  7 % .  P r o p e l l a n t  f r a c t i o n  i s  approximately . 9 4  i n  a l l  ca ses  
and s p e c i f i c  impulse i s  approximately 410 secs. 

15 f t  D i a m e t e r  Segmented LH2/L02 Stage - - Figure  5 shows t h e  con- 

f i g u r a t i o n  of a modularized s t a g e  comprised of an eng ine /ox id ize r  
tank  segment and two hydrogen tank  segments u t i l i z i n g  t h e  15 f t  
d iameter  envelope. (Three space s h u t t l e s  would be r e q u i r e d  t o  
d e l i v e r  t h e  segments which are assembled i n  o r b i t . )  Gross weight  
of t h e  t h r e e  segment des ign  is 459k and t h e  p r o p e l l a n t  f r a c t i o n  
i s  .89. 
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22 f t  D i a m e t e r  Segmented Nuclear S tage  - A n u c l e a r  s t a g e  comprised 
of a s i n g l e  module u n i t  would g r e a t l y  exceed space s h u t t l e  dry  
weight  and volume envelopes.  
i n t o  an engine module comprised of t h e  Nerva engine  and a s m a l l  
p r o p e l l a n t  t ank ,  and p r o p e l l a n t  c o n t a i n e r  modules. The l a t t e r  may 
be v a r i e d  i n  number t o  s u i t  t h e  s c a l e  of p a r t i c u l a r  miss ions .  
Three, f o u r ,  and f i v e  p r o p e l l a n t  module c o n f i g u r a t i o n s  are d e p i c t e d  
i n  a l t e r n a t e  c l u s t e r  and l i n e a r  tank arrangements i n  F igu re  6 .  A 
75k t h r u s t  Nerva engine  i s  assumed i n  a l l  cases. 
c o n f i g u r a t i o n s  p r o p e l l a n t  l i n e s  feed  through s u c c e s s i v e  tanks  and 
i n t o  t h e  s m a l l  engine module tank. 
might be j e t t i s o n e d  a f t e r  d e p l e t i o n ) .  
tank feed  d i r e c t l y  i n t o  t h e  engine module tank  which e s s e n t i a l l y  
s e r v e s  as a manifold i n  t h i s  conf igu ra t ion .  Gross weight  f o r  t h e  
3, 4 ,  and 5 tank conf igu ra t ions  are 317k, 410k, and 498k, respec-  
t i v e l y  w i t h  corresponding p r o p e l l a n t  f r a c t i o n s  of . 71 ,  .73, and 
.74 .  

Consequently t h e  s t a g e  i s  segmented 

I n  t h e  l i n e a r  

( I n d i v i d u a l  p r o p e l l a n t  modules 
Feed l i n e s  i n  t h e  c l u s t e r e d  

Performance C a p a b i l i t y  of Se lec t ed  S tage  Designs 

Large s t a g e s  would be r e q u i r e d  t o  f u l f i l l  t r a n s p o r t a t i o n  
requirements  which inc lude :  

low e a r t h  o r b i t  t o  synchronous o r b i t  s h u t t l e ,  

low e a r t h  o r b i t  to l una r  o r b i t  s h u t t l e ,  

p l a n e t a r y  i n j e c t i o n ,  and 

t r ans fe r  of hardware from low e a r t h  o r b i t  t o  h igh  
e l l i p t i c a l  o r b i t  f o r  spacecraft assembly. 

I n  a d d i t i o n  t h e  c ryogenic  stages could be u t i l i z e d  f o r : *  

d i r e c t  l u n a r  l a n d i n g  and r e t u r n  t o  earth o r b i t ,  

l u n a r  o r b i t  t o  su r face  l o g i s t i c s ,  and 

p ropu l s ive  descen t  t o  t h e  s u r f a c e  of Mars. 

Lunar S h u t t l e  Operat ions 

The l u n a r  s h u t t l e  mission provides  a good basis f o r  
comparing t h e  performance c h a r a c t e r i s t i c s  of t h e  d i f f e r e n t  
stages (and i s  a l s o  r e p r e s e n t a t i v e  of synchronous o r b i t  miss ions  
s i n c e  impulsive v e l o c i t y  requirements a r e  q u i t e  s i m i l a r ) .  Table 2 
shows a performance comparison of s e l e c t e d  s t a g e  des igns  for  a 
s h u t t l e  f l i g h t  from l o w  e a r t h  o r b i t  t o  l u n a r  o r b i t  and r e t u r n .  

*Nuclear s t a g e s  would probably n o t  be s u i t a b l e  i n  these 
cases because of r a p i d  t h r o t t l i n g  requi rements ,  and r a d i a t i o n  
hazards .  
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Maximum one-way d i s c r e t i o n a r y  payload and t h e  r e q u i r e d  number 
of s h u t t l e  r e f u e l i n g  f l i g h t s  a r e  inc luded .  A 10k crew capsu le  i s  
presumed t o  make t h e  round t r i p .  Performance of a 300k non- 
segmented nuc lea r  s h u t t l e  is included as a b a s i s  f o r  comparison. 

The L02/LH2 s t a g e  i s  n o t  adequate  f o r  d e l i v e r y  of 
l a r g e  payloads t o  a l o w  a l t i t u d e  c i r c u l a r  l u n a r  o r b i t .  ( U s e  o f  
t h e  L02/LH2 s t a g e  assembled from three t anks  would i n c r e a s e  t h i s  

payload about  6 0 %  b u t  t h i s  s t i l l  does n o t  provide  s u f f i c i e n t  
pay load) .  
w i t h  t h e  nuc lea r  s t a g e  and i n h e r e n t l y  a f f o r d  g r e a t e r  o p e r a t i o n a l  
s i m p l i c i t y  because of t h e  absence of r ad ia t ion  hazards .  ( P r o b l e m s  
of t o x i c  exhaus t  products  which have l i m i t e d  use of f l u o r i n e  based 
o x i d i z e r s  i n  s u r f a c e  launch a p p l i c a t i o n s  would be cons ide rab ly  
eased  f o r  o r b i t a l  o p e r a t i o n s . )  

However, LF2/LH2 and FLOX/CH4 s t a g e s  are compet i t ive  

Performances of t h e  segmented n u c l e a r  stages are s l i g h t l y  
degraded by comparison t o  non-segmented s t a g e  because of t h e  
i n c r e a s e d  p r o p e l l a n t  tank a r e a  r e s u l t i n g  i n  added meteoroid bumper 
w e i g h t  . 

A f i g u r e  of m e r i t  w h i c h  can g ive  a u s e f u l  measure of 
l u n a r  s h u t t l e  e f f i c i e n c y  i s  t h e  r a t i o  of d i s c r e t i o n a r y  payload 
t o  l u n a r  o r b i t  p e r  space s h u t t l e  f l i g h t  ( l b s / s f )  . The nuc lea r  
s t a g e s  have a r a t i o  of 20,000 l b s / s f  compared w i t h  1 5 , 0 0 0  lbs/sf  
fo r  t h e  LF2/LH2 s t a g e ,  1 2 , 0 0 0  lbs/sf  for  t h e  FLOX/CH4 s t a g e  and 
from 1 , 0 0 0  t o  4 , 0 0 0  lbs / s f  fo r  t h e  L02/LH2 s t a g e s .  I t  i s  noted 
t h a t  t h e  r e l a t i v e  performance of t h e  nuc lea r  s t a g e  would be some- 
what h ighe r  fo r  round t r i p  cargo m i s s i o n s .  F igure  7 shows t h e  
performance of t h e  selected stages for  o t h e r  combinations of pay- 
load .  

S u b s t a n t i a l  improvement i n  performance can be de r ived  
f r o m  o p e r a t i o n  of t w o  s t a g e s  i n  series. A s  an example assume 
t h a t  p ropu l s ion  module 1 boosts propuls ion  module 2 p l u s  payload 
t o  h igh  e l l i p t i c a l  o r b i t ,  and r e t u r n s .  Propuls ion  module 2 t hen  
d e l i v e r s  t h e  payload t o  luna r  o r b i t  (or d i r e c t l y  t o  t h e  s u r f a c e )  
and r e t u r n s  t o  high e l l i p t i c  e a r t h  o r b i t  whereupon it i s  r e t r i e v e d  
by p ropu l s ion  module 1 which is r e f u e l e d  i n  l o w  ear th  o rb i t .  I n  
t h i s  f a sh ion  two 330k L02/LHZ could d e l i v e r  240k t o  luna r  o r b i t  
(presuming a 10k  c r e w  capsule  on each s t a g e  for  s t a g e  recovery)  
o r  a l t e r n a t e l y  d e l i v e r  60k t o  t h e  l u n a r  s u r f a c e . *  Comparisons 
of o ther  s t a g e s  for  s i n g l e  s t a g e  and series launches are shown 
i n  Table 2. Note t h a t  series LF2/LH2 s t a g e s  could land 175k 

* I f  t h e  second s t a g e  r e tu rned  d i r e c t l y  t o  low o r b i t  ( so  t h a t  
r e f u e l i n g  of t h e  f i rs t  s t a g e  would n o t  be r e q u i r e d )  150k could be 
d e l i v e r e d  t o  l u n a r  o r b i t .  
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on t h e  moon and FLOX/CH4 s t a g e s  could l a n d  240k. 

i n  performance e f f i c i e n c y  of t h e  L02/LH2 stage measured i n  terms 
o f  payload p e r  pound of  f u e l  expended i s  i n c r e a s e d  by an  order 
o f  magnitude as seen  by t h e  r e s u l t i n g  i n c r e a s e  i n  t h e  f i g u r e  o f  
m e r i t  from 1 , 0 0 0  l b s / s f  t o  1 3 , 0 0 0  l b s / s f  f o r  l u n a r  o r b i t  o p e r a t i o n s .  
For  t h e  l u n a r  l a n d i n g  t h i s  r a t i o  i s  approximate ly  3 ,000  l b s / s f .  
LF2/LH2 and FLOX/CH4 f i g u r e s  of m e r i t  f o r  t h e  l a n d i n g  mode are 
6 , 0 0 0  l b s / s f  and 5 , 0 0 0  l b s / s f ,  r e s p e c t i v e l y .  

The i n c r e a s e  

P l a n e t a r y  Missions 

A 1 9 8 1  Venus Swingby Mars 40-day s topove r  miss ion  i s  
chosen t o  demonstrate  t h e  r e l a t i v e  performance c a p a b i l i t i e s  o f  
s e l e c t e d  s t a g e  d e s i g n s  for  p l a n e t a r y  mis s ions .  Discuss ion  i s  
l i m i t e d  t o  a comparison of t he  chemical  s t a g e s  wi th  t h e  b a s e l i n e  
n u c l e a r  s t a g e .  Performances of t h e  segmented n u c l e a r  s t a g e s  are 
d i s c u s s e d  i n  Reference 5 where numerous o p t i o n s  d e a l i n g  w i t h  
t h e  op t ima l  number of  p r o p e l l a n t  modules p e r  miss ion  and e f f e c t s  
of  module s t a g i n g  are t r e a t e d  i n  some dep th .  

r e u s a b l e  s h u t t l e s  f o r  launch and t r a n s f e r  of payload and p r o p u l s i o n  
segments t o  h igh  e l l i p t i c a l  o r b i t  f o r  p l a n e t a r y  s p a c e c r a f t  assembly 
and i n j e c t i o n .  The b a s e l i n e  nuc lea r  mis s ion  (Reference 6 )  i s  
shown i n  F igu re  8. The e a r t h  t o  e a r t h  o r b i t  s h u t t l e  p l a c e s  f u e l ,  
crews, mission modules, and a s m a l l  chemical  p ropu l s ion  s t a g e  
i n t o  low e a r t h  o r b i t  (F igure  9 ) .  The S a t u r n  V i s  used t o  launch  
n u c l e a r  p ropu l s ion  s t a g e s  and p l a n e t a r y  payload.  The n u c l e a r  
s h u t t l e  then  t r a n s f e r s  a l l  the  p l a n e t a r y  system elements  t o  a 
2 4  hour  e l l i p s e  f o r  assembly and checkout .  Between each t r i p  
from l o w  e a r t h  o r b i t  t o  t h e  e l l i p s e  and r e t u r n ,  t h e  n u c l e a r  
s h u t t l e  i s  r e f u e l e d  by t h e  e a r t h  t o  e a r t h  o r b i t  s h u t t l e .  Trans- 
Mars i n j e c t i o n  i s  performed by n u c l e a r  s h u t t l e  b o o s t  i n  which case 
t h e  n u c l e a r  s h u t t l e  d e l i v e r s  i t s e l f  t o  t h e  pa rk ing  e l l i p s e ,  
l aunches  t h e  p l a n e t a r y  s p a c e c r a f t  and r e t u r n s  i t s e l f  t o  low e a r t h  
o rb i t .  Mars o r b i t  i n s e r t i o n  i n t o  an e l l i p t i c a l  c a p t u r e  o r b i t  and 
d e p a r t u r e  are performed wi th  a n u c l e a r  s t a g e .  The s m a l l  chemical  
module r e t u r n s  t h e  crew r e t u r n  module i n t o  an  e l l i p t i c a l  c a p t u r e  
o r b i t .  The c r e w  i s  t h e n  r e tu rned  t o  e a r t h  v i a  t h e  n u c l e a r  and 
e a r t h  t o  e a r t h  o r b i t  s h u t t l e s .  

The selected mission p r o f i l e s  make maximum use of  

The miss ion  performed w i t h  chemical  s h u t t l e s  d i f f e r s  
somewhat from t h e  b a s e l i n e  i n  t h a t  no SV launch v e h i c l e s  are 
u t i l i z e d  and t h e  l a r g e  propuls ion  stage i s  used f o r  a l l  maneuvers 
( v e r s u s  t h e  n u c l e a r  stage p l u s  chemical  module i n  t h e  b a s e l i n e  

m i s s i o n ) .  Mission c o n f i g u r a t i o n s  u s i n g  o n l y  e a r t h  t o  e a r t h  
o r b i t  s h u t t l e s  and r e u s a b l e  chemical stages are shown i n  F i g u r e s  
1 0  t o  12. 
LF2/LH2 s t a g e s ,  o r  one FLOX/CH4 s t a g e  are r e q u i r e d  f o r  t h e  same 

Within s l i g h t  v a r i a t i o n s  t h r e e  L02/LH2 s t a g e s ,  t w o  
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se t  of payloads t o  Mars. Table 3 shows a comparison of t h e  Mars 
payload missions performed w i t h  t h e  v a r i o u s  p ropu l s ion  s t a g e s .  Sig- 
n i f i c a n t  f a c t o r s  inc luded  a r e  t h e  number of p ropu l s ion  s t a g e s  re- 
q u i r e d ,  t h e  number of s t a g e s  recovered,  t h e  number of l o w  o r b i t  t o  
e l l i p t i c a l  o r b i t  s h u t t l e  f l i g h t s ,  and t h e  number of e a r t h  t o  ear th  
o r b i t  s h u t t l e  f l i g h t s  f o r  hardware and f u e l i n g .  Note t h a t  a l l  
s t a g e s  wi th  t h e  except ion  of one L02/LH2 s t a g e  can be recovered ,  

and t h a t  i n  t e r m s  of e a r t h  t o  e a r t h  o r b i t  s h u t t l e  f l i g h t s  a l l  
chemical s t a g e s  are q u i t e  similar.  Tota l  weight  assembled i n  
2 4  hour parking o r b i t  i s  inc reased  by approximately 50% compared 
t o  t h e  nuc lea r  mission.  

Observat ions and Conclusions 

Resul t s  of t h i s  s tudy sugges t  t h a t  i f  a v a i l a b l e  space  
s h u t t l e  c o n t a i n e r  dimensions a r e  on t h e  o r d e r  of 60  f t  l eng th  
by 2 2  f t  d iameter  ( o r  as s m a l l  as 1 5  f t  diameter  f o r  p a r t i a l l y  
assembled s t a g e s )  s h u t t l e  launched s t a g e s  would be capable  of 
performing t h e  spectrum of missions cons idered  i n  t h e  I n t e g r a t e d  
Space F l i g h t  Program. 

LF2/LH2 and FLOX/CH4 s t a g e s  o r  L02/LH2 stages i n  series 
a're n e a r l y  compet i t ive  wi th  nuc lear  s t a g e s  f o r  l u n a r  o r b i t  and 
synchronous o r b i t  s h u t t l e  missions.  Moreover i n  series o p e r a t i o n  
t h e s e  s t a g e s  could land s u b s t a n t i a l  payload on t h e  l u n a r  s u r f a c e  
and r e t u r n  t o  e a r t h  o r b i t  f o r  r euse .  

Any of t h e  s e t  of chemical s t a g e s  could be used f o r  
p l a n e t a r y  missions i f  ex t ens ive  use  of e a r t h  t o  e a r t h  o r b i t  
s h u t t l e s  and low o r b i t  t o  e l l i p t i c a l  o r b i t  t r a n s f e r  i s  made. 

Concepts f o r  segmented nuc lear  and chemical s t a g e s  
have been formulated which sugges t  t h a t  t h i s  approach could be 
implemented wi th  development of a p p r o p r i a t e  connect ions and 
assembly a i d s .  Performance of assembled s t a g e s  would be some- 
what degraded r e l a t i v e  t o  s i n g l e  u n i t  s t a g e s  because of i nc reased  
exposed s u r f a c e  a r e a  ( i .e. ,  a d d i t i o n a l  meteoroid s h i e l d i n g )  and 
plumbing, b u t  t h e s e  s t a g e s  could s t i l l  be  a t t r a c t i v e  a l t e r n a t i v e s  
t o  u t i l i z a t i o n  of SV d e r i v a t i v e  launch v e h i c l e s .  

I n  conclusion t h e  p o t e n t i a l  of t h e  s h u t t l e  launched 
space  propuls ion  s t a g e s  has  been demonstrated.  However, f e a s i -  
b i l i t y  can only be a s ses sed  by i n v e s t i g a t i o n  of d e t a i l e d  des ign  
areas such a s  o r b i t a l  f u e l i n g ,  assembly, maintenance, etc.  
which have no t  been incorpora ted  i n  prev ious  s t a g e  des igns .  N o  
judgements are made h e r e i n  with r e s p e c t  t o  t h e  miss ion  modes 
t h a t  have been considered compared t o  more convent iona l  modes 
s imply because a r a t h e r  thorough e v a l u a t i o n  of mission concepts ,  
s t a g e  c o s t  and s h u t t l e  cost t r a d e o f f s  i s  r equ i r ed .  For example, 
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when t h e  c o s t s  of chemical s t a g e s  and economy of s h u t t l e  launches 
are bet ter  understood it may develop t h a t  s t a g e  r e t u r n  on plane-  
t a r y  miss ions  does n o t  warran t  t h e  complexi ty  of t h i s  o p e r a t i o n .  

A.  S .  Kiersarsky  

1013-MHS-kle ASK 

M. H. Skeer 
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FIGURE 8. 1981 MARS LANDING VENUS SWINGBY MISSION WITH NUCLEAR STAGE 
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APPENDIX 

I n t r o d u c t i o n  

The d i f f e r e n t  c o n f i g u r a t i o n s  t h a t  were cons ide red  
d u r i n g  t h i s  s t u d y  and  some o f  t h e i r  d e s i g n  c h a r a c t e r i s t i c s  are 
d e s c r i b e d  i n  t h i s  appendix.  

A primary o b j e c t i v e  of t h i s  s t u d y  w a s  t o  de te rmine  
t h e  p r o p e l l a n t  c a p a c i t y  f o r  va ry ing  t ank  c o n f i g u r a t i o n s  u s i n g  
d i f f e r e n t  p r o p e l l a n t  combinations and engine  t y p e s  and t o  
estimate t h e  i n e r t  s t a g e  weight.  There w e r e  five hasic 
c o n f i g u r a t i o n s  and v a r i a t i o n s  of each .  Table  IA i s  a l i s t  
of t h e  candidaye c c n f i y u r a t i o n s .  Weight breakdowns a f  chemical  
and n u c l e a r  d e s i g n  p o i n t  s t a g e s  are shown i n  Tables  IIA and IIIA, 
r e s p e c t i v e l y .  The s t a g e s  a r e  conf igu red  t c  accommodate long  t e r m  
o p e r a t i o n s  i n  c i s l u n a r  and t r a n s p l a n e t a r y  environments  and are 
capab le  of m u l t i p l e  res tar t  and r e x e .  

Gu ide l ines  

The p o t e n t i a l  c a p a b i l i t y  of t h e s e  c o c f i g u r a t i o n s  are 
based on t h e  fo l lowing  g u i d e l i n e s :  

- S t a g e  c o n f i g u r a t i o n s  are s i z e d  f o r  containment  
w i t h i n  t h e  payload compartment of a space  s h u t t l e  
u s i n g  t h e  fo l lowing  compartment envelopes :  

- 2 2  f t  d i a  by 6 0  f t  long  
- 15 f t  d i a  by 6 0  f t  long  

S tage  d r y  weight  does n o t  exceed 5 0 , 0 0 0  l b s  f o r  e i t h e r  
payload envelope.  

Long t e r m  micrometeoroid p r o t e c t i o n  i s  provided  f o r  
a l l  c o n f i g u r a t i o n s .  

I n s u l a t i o n  is  inc luded  f o r  long  t e r m  p r o p e l l a n t  s t o r a g e .  

P r o p e l l a n t  combinations are s l i g h t l y  o x i d i z e r  r i c h  
f o r  maximum volume u t i l i z a t i o n .  The mixture  r a t i o s  
are as fo l lows :  

- L02/IJH2 (M.R. 6 : l )  

- LF2/LH2 (M.R. 13:l) 
- FLOX/CH4 (M.R. 5.75:l) 
- LH2 ( n u c l e a r  s tage)  
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Engine 6 a t a  i s  de r ived  from Refci:erlccs 7-9. 

- F c r  t h :  ; i - p r o p e l l a n t  stages t.wc 2 5 0 k ,  h i g h  p r e s s u r e  
ex tendah le  b e l l  engines  and z s i n g l e  500k t h r u s t  
ae rosF ike  eng ine  w e r e  compared - 

- For tile cuclear  s t a g e  c s n f i g u r a t  <)1i 3 75k eng ine  
was used.  

T o  maximizc p r o p e l l a n t  volume t h e  f a l l a w i n g  tankage 
c o n f i g u r a t i o n s  w e r e  cons ide red :  

- Toro ida l  t y p e  tankaqe 
- E l l i p t i c a l l y  headed c y l i n d r i c a l  tankage 

P r o p e l l a l i t  r 2 s i d u a l  f o r  b o t h  f u e l  3;id o x i d i z e r  w a s  t a k e n  
t o  be 1% J f  t G t a l  p r o p e l l a n t  q u a n t i t y .  

- The fo l lowing  u l l a g e  requi rements  wcrc tised Tor t h e  
propel ia i lL tLrnks .ge :  

- F u e l ,  5 %  
- Oxid ize r ,  3% 

Propu l s io? i  a n d  a u x i l i a r v  systems ( n o t  i n c l u d i n g  main 
e n g i n e s )  weights  for  chemical  s t a g e s  w e r e  hased on 
t h e  S i i 3  c,tzge (Reference 1 0 )  which is appr3ximately 
the  same size and dry weight  as tf,e des ign  s t a g e s .  

The p r o p e l l a n t  c a p a c i t i e s  and i n e r t  weights  f o r  each s t a g e  d e s i g n  
are noted i n  t h e  f i g u r e s  l i s t e d  1x1 Table  In. A 1 0 %  :.,iitingency 
f o r  d r y  weight  w a s  assumed f o r  a l l  chemical  s t a g e s .  A more 
d e t a i l e d  weight  breakdown o f  each c o n f i g u r a t i o n  i.s :i \icbil i n  
Tab le s  I I A  and I I I A .  

Chemical S t age  Conf igu ra t ions  

These s t a g e s  w e r e  configiired w i t h i n  t h e  envelope 
l i m i t a t i o n s  e s t a b l i s h e d  f o r  t h i s  s t u d y .  F o r  t h e  l a r g e  envelope ,  
t h e  s t a g e s  v a r i e d  only  w i t h  d i f f e r e n t  p r o p e l l a n t  combinat ions 
and eng ine  t y p e s .  The c o n f i g u r a t i o n  i lsinq t h e  smaller envelope 
r e q u i r e d  a m u l t i p l e  t a n k  arrangement and was s t u d i e d  only  f o r  
t h e  LO~,’LH., propel  dint combination. 
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These s t a g e s  c o n s i s t e d  of an o u t e r  s h e l l  which 
func t ioned  as t h e  s t r u c t u r a l  s h e l l  and meteoroid barrier.  Within 
t h i s  s h e l l  t h e  f u e l  and o x i d i z e r  t anks  w e r e  conf igured  as sep- 
a r a t e  u n i t s  suppor ted  by t h e  o u t e r  s h e l l  u s ing  thermal  i n s u l a t i o n  
type  suppor t s .  Add i t iona l  i n s u l a t i o n  f o r  long t e r m  s t o r a g e  w a s  
p l aced  between t h e  t anks  and o u t e r  s h e l l .  

Nuclear  S tage  Conf igura t ion  

T h e  n u c l e a r  c o n f i g u r a t i o n  c o n s i s t s  of a p ropu l s ion  u n i t  
module w i t h  a d d i t i o n a l  tank modules added t o  i n c r e a s e  t h e  pro- 
p e l l a n t  capac i ty .  The p ropu l s ion  u n i t  c o n s i s t s  o f  a 75k 
n u c l e a r  engine  suppor ted  from a t r u n c a t e d  s t r u c t u r a l  s h e l l  w i t h i n  
which  i s  supported a tear -drop  shaped p r o p e l l a n t  tank .  The 
o u t e r  s t r u c t u r a l  s h e l l  p rovides  meteoroid p r o t e c t i o n  and a l s o  
f u n c t i o n s  a s  t h e  b a s i c  docking s t r u c t u r e  f o r  a d d i t i o n a l  tankage.  

S i z i n g  E f f e c t s  

The s h u t t l e  payload compartment envelope had a d i r e c t  
i n f l u e n c e  on s t a g e  s i z e s ,  w i t h  s t a g e  d iameters  decreased  by 1 f t  
i n  diameter t o  provide  s u f f i c i e n t  c l e a r a n c e  f o r  suppor t ,  l oad ing ,  
and removal of t h e  s t a g e s .  T h i s  c l e a r a n c e  l i m i t e d  t h e  o u t e r  
diameter of t h e  d i f f e r e n t  c o n f i g u r a t i o n s  t o  2 1  f t  d iameter  and 
14 f t  diameter .  

Tankage d iameter  w a s  reduced an a d d i t i o n a l  1 f t  i n  d i ame te r  
t o  a l low space f o r  i n s u l a t i o n  and t h e  t h i c k n e s s  of t h e  o u t e r  
meteoroid s h e l l .  A s  a r e s u l t  of %hese allowances t h e  p r o p e l l a n t  
tankage d iameters  w e r e  s i z e d  a t  20 f t  d iameter  and 1 3  f t  d iameter .  

Some of t h e  factors i n f l u e n c i n g  p r o p e l l a n t  tank s i z e  
w i t h  regard  t o  l e n g t h  w e r e  as fo l lows:  

The type  of engine  s e l e c t e d  e s t a b l i s h e d  t h e  l eng th  
allowance f o r  t h e  engines .  The ae rosp ike  was s h o r t e r  
i n  l eng th  than  t h e  ex tendable  b e l l  t y p e ,  and provided 
an i n c r e a s e d  tankage c a p a c i t y  of approximately 5%. 

Another f a c t o r  i n f l u e n c i n g  tankage l e n g t h  w a s  t h e  
bellows l e n g t h  r equ i r ed  f o r  engine g imbal l ing .  The 
bellows l e n g t h  shown is  approximately t h e  s a m e  as 
t h a t  used f o r  t h e  5-2 engine  on t h e  S I V B .  

Other f a c t o r s  i n f l u e n c i n g  tank  volumes w e r e  t h e  pro- 
p e l l a n t  f eed  l i n e s ,  and i n t e r t a n k  c l e a r a n c e .  
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One of t h e  o b j e c t i v e s  of t h i s  s-udy w a s  t o  maximize 
t h e  p r o p e l l a n t  q u a n t i t y  and t h e r e f o r e  b o t h  conven t iona l  e l l i p -  
t i c a l  ended c y l i n d r i c a l  t a n k s  and t o r o i d a l  t a n k s  were e v a l u a t e d .  
I n  F i g u r e  1 t h e  toroidal  t ank  v e r s i o n s  u s i n g  t h e  ex tendab le  
b e l l  engine  enabled  a p r o p e l l a n t  weight  i n c r e a s e  of 20% f o r  t h e  
L02/LH p r o p e l l a n t  conbina t ion .  As a r e s u l t  of t h i s  p r o p e l l a n t  
d i f f e r e n c e  t h e  toroidal  t a n k  w a s  s e l e c t e d  f o r  t h e  o t h e r  conf ig -  
u r a t i o n s  w i t h  e x c e p t i o n  of t h e  smaller  n u l t i p l e  t ank  s t a g e  
(F igu re  2 )  and t h e  n u c l e a r  c o n f i g u r a t i o n .  

2 

Stage  AssexSly 

The l a r g e r  2 1  f t  diameter  stages w e r e  s e l f  con ta ined  
e x c e p t  f o r  t h e  n u c l e a r  case. The smaller 1 4  f t  d iameter  s t a g e  
(F igu re  3 )  r e q u i r e d  m u l t i p l e  tanks  t o  p rov ide  a r easonab le  
q u a n t i t y .  A s  shown i n  F igu re  3 t h i s  v e r s i o n  c o n s i s t e d  o f  
t h r e e  t a n k s ,  two f o r  LH2 and  one f o r  LO 
t h e  eng ine  systems.  

which a l s o  suppor t ed  2 

The s m a l l  s t a g e  des ign  c o n f i g u r a t i o n  w i l l  r e q u i r e  i n -  
o r b i t  s t a g e  mating and j o i n i n g  of  p r o p e l l a n t  f u e l  l i n e s .  

S t r u c t u r a l  Cons ide ra t ions  

The s t a g e  des igns  are c h a r a c t e r i z e d  i n  F igu res  2 t o  6 .  
I n  a l l  c o n f i g u r a t i o n s  p r o p e l l a n t  t anks  are suspended from an 
o u t e r  s h e l l  which p rov ides  meteoroid p r o t e c t i o n  and s u p p o r t s  
t h e  s tage d u r i n g  launch.  Engines are  a l s o  mounted d i r e c t l y  
t o  t h e  o u t e r  s h e l l  s t r u c t u r e .  I t  i s  noted  t h a t  t h e  s tage is  
launched devoid of p r o p e l l a n t s ,  s o  t h a t  launch loads  which 
normally govern des ign  i n  unpressur ized  s k i r t  areas are snb- 
s t a n t i a l l y  reduced ( i . e .  , by xi o r d e r  of magnitude) and meteoroid 
and eng ine  t h r u s t  l o a d s  govern. Th i s  enables s i g n i f i c a n t  weight  
s a v i n g s  t o  be achieved  compared t o  more conven t iona l  stages 
launched w i t h  p r o p e l l a n t  and l a r g e  payloads .  

Meteoroid P r o t e c t i o n  

The meteoroid c r i t e r i o n  chosen p rov ides  t h a t  t h e r e  be 
a .99  p r o b a b i l i t y  of no punctures  w i t h i n  1 y e a r  (References  11 and 1 2 )  
(or e q u i v a l e n t l y ,  . 9  p r o b a b i l i t y  of  no punc tu res  i n  10 y e a r s  o r  
.999 p r o b a b i l i t y  of  n o t  more than  1 punc tu re  i n  5 y e a r s ) .  Th i s  
assumption i s  s i g n i f i c a n t  s i n c e  s tage f r a c t i o n s ,  e s p e c i a l l y  for  
t h e  segmented n u c l e a r  s tages ,  are q u i t e  s e n s i t i v e  t o  meteoroid 
s h i e l d  weight .  Outer  s h e l l  t h i c k n e s s  i n c l u d i n g  meteoroid s h i e l d i n g  
is  approximate ly  4 l b s / f t 2  (a.25 i n c h  smear t h i c k n e s s . )  



STAGE CONFIGURATIONS 

TABLE IA 

Stage  Conf igu ra t ion  

L02/LH2 

( 2 2 '  d i a  x 6 0  long  

Toro ida l  Tankage (Figure 2a)  
Extended B e l l  Eng. 

(F igure  2b) E l l i p s o i d a l  Tankage 
Extended B e l l  Eng. 

(F igure  2 c )  Toro ida l  Tankage 
Aerospike Eng. 

LF2/LH2 

( 2 2 '  d i a  x 6 0 '  long)  

Toro ida l  Tankage (F igure  3a) 
Extended B e l l  Eng. 

(F igure  3b) Toro ida l  Tankage 
Aerospike Eng. 

F L O X / C H ~  

( 2 2 '  d i a  x 6 0 '  long)  

Toro ida l  Tankage 
Extended B e l l  Eng. (F igure  4a) 
(Sepa ra t e  Tanks) 
Toro ida l  Tankage 
Extended B e l l  Eng. (F igure  4b) 
(Common Wall Tanks) 
Toro ida l  Tankage 
Aerospike Eng. (F igure  4c) 

L02/LH2 (F igure  5)  Toro ida l  Tankage 
Extended B e l l  Enq. - 

(15 '  d i a  x 6 0 '  long  - 3 segments 

Nuclear  
2 2 '  d i a  x 6 0 '  long  

(75k eng.)  

3 Tanks 
4 Tanks 
5 Tanks 

(Figure 6a) 
(F igure  6b) 
(F igure  6 c )  
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